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Abstract 

We show that a new class of helical phase inflation models can be simply realized in minimal 
supergravity, wherein the inflaton is the phase component of a complex field and its potential admits 
a deformed helicoid structure. We find a new unique complex-valued index y that characterizes 
almost the entire region of the Ug — r plane favored by new Planck observations. Continuously 
varying the index y, predictions interpolate from quadratic/natural inflation parameterized by a 
phase/axion decay constant to Starobinsky-like inflation parameterized by the a-parameter. We 
demonstrate that the simple supergravity construction realizing Starobinsky-like inflation can be 
obtained from a more microscopic model by integrating out heavy fields, and that the flat phase 
direction for slow-roll inflation is protected by a mildly broken global 17(1) symmetry. We study 
the geometrical origin of the index y, and find that it corresponds to a linear constraint relating 
Kahler moduli. We argue that such a linear constraint is a natural result of moduli stabilization in 
Type II orientifold compactiflcations on Calabi-Yau threefolds with geometric and non-geometric 
fluxes. Possible choices for the index x discrete points on the complex plane that relate to 
the distribution of supersymmetric Minkowski vacua on moduli space. More precise observations 
of the inflationary epoch in the future may provide a better estimation of the index x- Since 
X is determined by the fluxes and vacuum expectation values of complex structure moduli, such 
observations would characterize the geometry of the internal space as well. 
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I. INTRODUCTION 


Inflation [l, 2| has attracted widespread attention in the past few decades. The inflation¬ 
ary epoch is crucial for the cosmic evolution, and provides a unique opportunity to probe 
physics close to the grand unihcation scale, far beyond the scope directly accessible in the 
laboratory. A principle challenge to the construction of inflationary models within the = 1 
supergravity or superstring theories is the so-called rj problem. Specihcally, the inflaton po¬ 
tential obtained in these contexts is usually too steep to trigger slow-roll inflation. Moreover, 
it requires trans-Planckian held excursion for the generation of sizable tensor huctuations 
j^, rendering Planck-suppressed higher-dimensional operators non-negligible. 

Helical phase inhation jd, 5| was proposed as a solution to both the rj problem^ and the 
trans-Planckian held excursion problem. In helical phase inhation the inhaton is a pseudo- 


Nambu-Goldstone boson (PNGBh 


hrst employed as the inhaton in 


he phase component of a complex held. A PNGB was 
14j | in order to protect the hat potential against quantum 


loop corrections. The potential of a complex held admits helicoid structure, and during 
inhation its radial component is strongly stabilized, while the inhaton evolves along a local 
valley, tracing a beautiful helical trajectory. In this model, the rj problem is automatically 
solved by the global U{1) symmetry of the minimal Kahler potential K = $$. This U{1) 
symmetry is broken in the holomorphic superpotential and leads to phase monodromy. Phase 
rotation provides a proxy for trans-Planckian held excursion, whereas the “physical” held 
does not evolve into the super-Planckian domain, where quantum gravity ehects are likely to 
break slow-roll conditions. As argued in j^, such supergravity constructions are necessarily 
ehective descriptions of a more fundamental theory with heavy helds integrated out. 

In helical phase inhation, the helical trajectory and phase monodromy of the superpo¬ 
tential are similar to the axion monodromy inhation scenario, as realized via the DBI action 


of wrap ped D5-branes in Ref. 
in Ref. 1^, in order to obtain super-Planc 


15| . Likewise, the axion alignment mechanism was suggested 
iian axion decay constant, and was investigated 


as a new type of axion monodromy in 17H19|. Inhaton dynamics in helical phase inhation 
associated with explicit breaking of the global U{1) symmetry may be similarly dubbed 


[1] The rj problem can also be solved by Heisenberg symmetry in no-scale snpergravity [6|-l9| or shift symmetry 
in minimal snpergravity [l^ . Snpergravity inflation with broken shift or global U{1) symmetries was 


studied in 
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phase-axion alignment. Additionally, a PNGB has been employed as the inflaton in recent 
studies on inflation models with stabilized or almost stabilized radial component 


However, most of these models do require super-Planckian held excursion during inflation 
and predict large tensor fluctuation with a tensor-to-scalar ratio r ~ 0.1 Recent Planck 
observations on cosmic microwave background 30, ImI], as well as a joint analysis utilizing B- 
mode polarization data from the BICEP2/Keck Array 3^, have provided tighter constraints 
on inflationary observables, particularly the tensor-to-scalar ratio, which is r < 0.08 at the 
95% confidence level. As a consequence, large held inflation models with power-law poten¬ 
tials V ( 6 ) oc 6 '^ have been ruled out for n ^ 2, and natural inflation is now also in tension 

n 

with current data. In contrast, the Starobinsky model [![ predicts a small tensor-to-scalar 
ratio r ~ 0.003, which remains entirely consistent with the latest observations. 

Since the discovery of no-scale supergravity realizations of the Starobinsky model 


331, 


34 , 


numerous generalization and extensions of the idea have been proposed. Specifically, by 
introducing one additional parameter, the Starobinsky model can interpolate to quadratic or 


natural inflation 


34 


44| . The problem of trans-Planckian held excursion has been carefully 


considered in quadratic and natural inflation, while it usually is ignored for Starobinsky- 
like inflation, since the tensor-to-scalar ratio is lower than the Lyth bound r ~ 0.01. For 
Starobinsky-like inflation with a potential 


1/(0) = M^(l - 


( 1 ) 


the tensor-to-scalar ratio is given by r = ^^ 5 ^, with an e-folding number N G [50,60]. 
For small a ^ 0.5, the tensor-to-scalar ratio is above the Lyth bound, and the model 
approximates quadratic inflation. For larger a, the held excursion during inflation can be 
expressed as 

A0 cs — log(2a^A), (2) 

a 

in Planck units (Mp = 1), which reduces to A0 5 for typical parameter values a = 
and r ^ 0.003. Therefore, the Starobinsky-like inflation scenario is indeed subject to trans- 
Planckian field excursions, even though the tensor-to-scalar ratio is below the Lyth bound. 
In order to avoid higher order corrections from quantum gravity effects, which are important 


[2] It is shown in [29| that small tensor-to-scalar ratio can be generated in aligned natural inflation initiated 
close to a saddle point. 
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in the super-Planckian regime and are likely to violate the slow-roll criteria, related mod¬ 
els of inflation must be studied in the context of a UV-completion, such as string theory. 
Starobinsky-like inflation with a string-theoretic embedding has been studied in Refs. 


45- 


48] . Another interesting solution is the realization of Starobinsky-like inflation within the 


sub-Planckian region, while allowing trans-Planckian held excursions to be undertaken by 
an “unphysical” degree of freedom, such as the phase of a complex held which does not 
admit any polynomial higher order corrections. 

In this work, we show that Starobinsky-like inhation can be simply realized based on 
the supergravity setup for helical phase inhation j^. Actually, the supergravity setup for 
Starobinsky-like helical phase inhation is the same as for natural inhation, except that the 
latter case features a real-valued superpotential parameter that is pure imaginary in the 
former case. Admitting a complex-valued phase for this parameter, predictions for Ug — r 
thereby interpolate between natural inhation and Starobinsky-like inhation, and regions of 
the Ug—r plane favored by new Planck observations may be characterized by a single complex 
index y. The supergravity model is expected to be obtained from a more microscopic model 
after integrating out heavy helds. In particular, we hnd that the index y has an interesting 
geometrical origin associated with non-geometric hux compactihcation. 

Non- geom etric huxes are motivated from T-duality between the Type IIA and IIB string 


theories 


49, 


50[ |. In the low-energy ehective A^ = 1 supergravity theory obtained from type 


II string compactihcation, T-duality is preserved in the action for RR huxes while this is 
not the case for NSNS huxes, leading to the expectation of new huxes that are T-dual to the 
NSNS variety. The geometric hux arises from the NSNS hux by invoking T-duality along 
a direction of the internal space, and it relates to compactihcation on a twisted torus. By 
taking T-duality along extra internal directions, one obtains Q or R type huxes without 
clear geometric explanation. Geometric and non-geometric huxes introduce coupling terms 
in the superpotential for Kahler moduli and uplift these directions at the perturbative level 
so that they can play important roles in string phenomenology. Moduli stabilization and 
supersymmetric Minkowski vacua based on non-geometric hux compactihcation have been 


studied extensively in Refs. 


51 


59| . It should be noted that, distinct from NSNS and RR 


huxes, compactihcations with non-geometric huxes suher from the dilution problem. After 
turning on non-geometric huxes, back-reaction on the internal metric can not be treated 
by taking a large volume limit with diluted huxes. The four-dimensional vacua with non- 
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geometric fluxes have been uplifted to ten dimensions based on the /9-supergravity framework 


6l| . The effective supergravity action from non-geometric fluxes is expected to partially 


reflect the dynamics around vacua of full string theory. 

This paper is organized as follows. In Section II, we study Starobinsky-like helical 
phase inflation and compare its predictions with new Planck observations, showing that 
the complex-valued index y can characterize regions in the Ug — r plane preferred by new 
Planck data. In Section III we study a more fundamental realization of helical phase in¬ 
flation based on both perturbative and non-perturbative effects. The phase monodromy is 
identihed as a global U{1) symmetry mildly breaking at the inflation energy scale. In Section 
IV we study the geometrical origin of the index y in type II orientifold compactihcations 
with geometric and non-geometric fluxes and show that the index y is determined by the 
flux quanta and vacuum expectation values of complex structure moduli. Conclusions are 
given in Section V. 


II. STAROBINSKY-LIKE HELICAL PHASE INFLATION 

The N = 1 minimal supergravity setup for Starobinsky-like helical phase inflation is 
rather simple, with the Kahler potential and superpotential given as follows^ : 

K = ^^ + XX - g{XXf, PE = 1). (3) 

A similar supergravity model was proposed in for natural inflation, wherein the superpo¬ 
tential contains a real parameter in the term 6 <C 1 instead of Here, the imaginary 
exponent of $ seems to be unusual at hrst glance, although we will show that it has a 
clear geometrical origin associated with non-geometrical flux compactihcation of type IIB 
superstring theory. There is a global U{1) symmetry in the Kahler potential, shifts in which 
introduces phase monodromy in the superpotential W: 

K ^ K, PE^PE + a^<I>“(e-2^"-l). (4) 

By employing the phase of $ as an inflaton, the well-known rj problem for supergravity 
inflation is absent, since the Kahler potential is phase independent. The phase monodromy 

[3] In this model two superfields are employed, recently it was shown in that the helical phase inflation 
can also be realized with only one superheld. 
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FIG. 1: The helicoid potential with unit and c = 0.6. The radial direction has a minimum at 
|<I>| = 1 where the field norm is strongly stabilized during inflation, while the phase direction is 
sufficiently flat to generate slow-roll inflation. Super-Planckian inflaton excursion is manifest along 
the phase direction rather than by a physical field. 


in (lU never reverts to the original W, and so is different from that associated with natural 

n 

inflation wherein the superpotential is cyclically restored after a sufficient long phase 
rotation {A6 > 2tt with super-Planckian phase/axion decay constant). Similar differences 
also exist between the respective inflaton potentials. 

In = 1 supergravity, the F-term scalar potential is determined by the Kahler potential 
K and the superpotential W 

V = e^(K^WiWDjW - 3WW), (5) 


where iTjj = didjK and DiW = diW + KiW. During inflation the field X is strongly hxed 
at its vacuum expectation value {X) = 0. The F-term scalar potential then simplifies to 


I/(r, e) = e^DxWDxW = + 1 - (F" + 


-2ce 


^—c0\ 


( 6 ) 


= a 


+ 1 


2cos(clogr)e ) 
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FIG. 2: The same potential as in Fig. 1 in terms of r = |<I>| and 0 = arg(<h). The local minimum 
along r = 1 is clearly shown in the figure. 


in Planck units {Mp = 1), with $ = re*^. The r—dependent terms in I/, and 

—2 cos(clogr)e“'^® all have minima at r = 1, irrespective of 6. Therefore, the field norm |$| 
is strongly stabilized at (|<I)|) = 1, and the residual phase-dependent potential reduces to 

V{e) = a\l - (7) 


with the rescaled parameterization a —)■ ay/e. The potential V (r, 6) is given in Fig. 1, for the 
parameter selection c = 0.6. The potential shows a deformed helicoid structure. Fig. 2 gives 
the helicoid potential in terms of r and 6 which clearly shows the potential reaches its local 
minimum at r = 1. In Fig. 1 the minimum in the radial direction represents a deformed 
helical trajectory along which the inflaton evolves. Comparing against the helical inflation 
trajectory for quadratic inflation the deformed path becomes rather steep, finally forcing 
departure from the inflationary phase, for small 6, while it tends toward extreme flatness 
for large 9. Taking c = cs = after a canonical field rescaling 9 —?■ -^9, the potential 
© exactly reproduces the Starobinsky model. However, there is no implied constraint on c, 
and we do not see a special interpretation of the value cs at this stage. The model described 


7 






0.95 0.96 0.97 0.98 0.99 1.00 

ns 


FIG. 3: T 
from Ref. 


re predictions of Starobinsky-like inflation (purple strip), and new experimental data 
30|. 


by Eqs. ([3]) therefore represents a generalized Starobinsky-like model of inflation. For small 
c —)■ 0, it approaches quadratic inflation. More details on the inflationary predictions of this 
potential are given in Fig. 3. These predictions are very well consistent with new experiment 


data 


30 


32| . as long as the parameter c is not too small. 


Interpolation from Natural Inflation to Starobinsky-like Inflation 

We have shown that a simple supergravity construction ([3]) can lead to natural inflation if 
the power of $ in hh is real, or Starobinsky-like inflation if the power of $ is pure imaginary. 
A natural consideration is the prospect of generalizing the power to arbitrary complex values, 
as in the following superpotential 














where x = b + ic. It is easy to show that after field stabilization X —)■ {X) = 0, the prior 
superpotential leads to the scalar potential 


V{r,9) = — — 2r^ cos{c log r + b6)e '^^ + 1). (9) 


Taking a small real exponent, with c = 0 and 6 -C 1, this potential stabilizes the held norm 
|$| 1 and the inhaton potential reduces to V(d) = 2a^(l — cos{b6)), corresponding to 

natural inhation, as detailed in 5|. Curvature along the radial direction is determined by 
the coefficient e^^/r^, which admits a global minimum at r = 1 and gives a large mass above 
Hubble scale. Extra couplings between the held norm r and phase 6^ in H(r, 6) can partially 
ahect the stabilization of |<1)|, although b 1 and <C 1 during inhation, such that 
corrections to observables are of order o(6^), and can be ignored in a primary evaluation. 
With stabilized held norm |<h| = 1, but no constraint on c, the scalar potential V{r,6) 
becomes 

V{e) = - 2 cos(60)e-"® + 1). (10) 

By varying b and c one may cleanly interpolate from natural inhation (c = 0, 6 1) to 

Starobinsky-like inhation {c>0,b = 0). Parameterizations of the potential corresponding 
to the quadratic inhation, natural inhation, interpolation inhation [be ^ 0), and Starobinsky- 
like inhation scenarios are shown in Fig. 4. The deformed potentials tend to be hatter in 
the large held region, and steeper in small held region, indicating weaker tensor huctuation. 

The potential’s deformation can be ehectively characterized by the complex parameter 
X = b + ic. Its real component 3fJ(x) relates to the phase/axion decay constant for natural 
inhation and its imaginary component 9'(x) describes the interpolation between quadratic 
inhation and Starobinsky inhation, which is, according to the no-scale supergravity realiza¬ 
tion of Starobinsky-like inhation 7|, l35(], the parameter n in the generalized no-scale type 
Kahler potential 

iP =-nlog($+ $) + /($) + /($) (11) 

that describes a Kahler manifold with curvature R = ^. The parameter 9(x) is introduced 
in Ref. 0 as a phenomenological generalization of Starobinsky inhation, and it is also the 
parameter a in language of a-attractors [3^. The ratio 3?(x)/Q'(x) indicates whether the 
deformed potential for interpolation inhation better approximates either natural inhation 
or Starobinsky-like inhation. Inhationary predictions of the model ([8]) with diherent index 
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FIG. 4: Parameterization of the helicoid potentials associated with quadratic inflation (upper-left), 
natural inflation (upper-right), interpolation inflation (lower-left), and Starobinsky-like inflation 
(lower-right) scenarios are depicted. For the later three inflationary models, the parameters (c, b) 
are selected as (0,0.15), (0.2,0.15), and (0.6,0), respectively. Deformations render the helicoid 
flatter in the large field region, and steeper in small field region. 


values X presented in Fig. 5. As shown in the graph, with hxed e-folding number 
N = 60, each point on the ng—r plane 30|] within the region favored by new Planck results 
is coincident with predictions of the generalized inflationary model (E]) for some specihc 
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FIG. 5: Predictions on — r relation of the generalized inflationary model ([8j) with fixed e-folding 
number N = 60. Dashed lines (with running b) represent blue: c = 0 (natural inflation), yellow: 
c = 0.05, and green: c = 0.2; thick lines (with running c) represent red: 6 = 0 (Starobinsky-like 
inflation), orange: 6 = 0.1, and purple: 6 = 0.14. 

choice of the index %. 

It is surprising that the simple supergravity model (E]) can introduce such an abundant 
variety of results, which effectively characterize the entire ng — r region consistent with new 
Planck data by modulation of the single complex-valued index y. However, the origin of 
this index is a puzzle, and its physical meaning is unclear from the model ([8]). It should 
also be noted that this model exhibits a pole at $ = 0, and is well-defined only in the large 
held region |<l>| 0; as such, it should be considered as an effective theory with heavy helds 

integrated out. A more fundamental model including heavy helds may help us to unveil the 
physical meaning of the index y. 
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III. GLOBAL U{1) SYMMETRY IN THE SUPERPOTENTIAL 


The supergravity construction for helical phase inflation is considered to be an effective 
theory. The Kahler potential and superpotential are rather simple, while several critical 
facets of the superpotential, such as the pole at $ = 0 and the phase monodromy, require 
further elaboration. We follow the method proposed in ^,1^, where the phase monodromy 
appearing in the superpotential ([3]) and ([8]) is realized by explicitly breaking of a global U{1) 
symmetry. 

We begin with the following superpotential 


W = - p) + Y(e-^^^ - uT) + Z($T - A) + • • • , 


( 12 ) 


in which the first term Wj = — p) is used to generate the inflaton potential, so 

the coefficient should be rather small a 1. Another pair of terms appear at energy scales 
hierarchically higher than that of inflation, with coupling coefficients significantly larger 
than a, which we presently set to 1 for convenience. Two racetrack-type non-perturbative 
terms are included. Given Ti = T 2 , the superpotential (IT^ reduces to the natural inflation 
model [^. The exponentials are multiplied with stabilizer helds A, Y that vanish during 
inflation and their F-terms provide for the inflaton potential or for field stabilization. The 
non-perturbative terms are expected to be obtained from D-brane instanton effects. The 
D-brane instanton effects are widely studied in the construction of matter couplings favored 
for their phenomenological aspects (more details are provided in 62j). The advantage of the 
D-brane instanton mechanism is that the magnitudes of its associated terms do not have to 
be too small and can be applied for field stabilization above the inflation scale. In contrast, 
the non-perturbative superpotential from gauge theory instantons is usually substantially 
suppressed and there is not much space to establish a hierarchy between inflation and field 
stabilization. Extra Kahler moduli terms are omitted in (IT^ . which are expected to provide 
linear constraints on Ti and T 2 . A detailed study of these terms will be provided later. 

The superpotential flT^ features a global U{1) symmetry. The superhelds transform 
under the U{1) symmetry 


A ^ Ae-*''^ Y Ye-^^\ Z ^ Z, 


T ^ ^ T2 ^ T2 - 4 ^, 

P 


(13) 
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Given Ti = T 2 , the superpotential reduces to the natural inflation model The 
f/(l) symmetry is explicitly broken by the inflation term Wj, while we can assume in this 
model that Ti is neutral under A global U{1) symmetry of this kind appears in 

the Kahler potential more naturally. For the matter fields, their Kahler potentials are of 
the minimal type, and invariant under U{1) transformation. The Kahler modulus T 2 shifts 
under U{1), and its Kahler potential is of no-scale type, which is thus independent of the 
imaginary component. Consequently, the global U{1) symmetry is inherited by the F-term 
scalar potential, forming an exactly flat direction. To lift the flat direction one has to break 
the global U{1) symmetry, which can be achieved by applying a linear constraint between 
two Kahler moduli 

T,-kT2 + S = 0. (14) 

Here, we require the constraint to satisfying the conditions 3fJ(Ti) > 0 and 3fJ(T2) > 0, since 
the real components of Tj give the volumes of internal cycles. We will show that such linear 
constraint on Kahler moduli are common in non-geometric flux compactiflcation, and that 
the coefficient k has a clear geometric origin. 

The flat direction is lifted after U{1) symmetry breaking, leaving a unique Minkowski 
vacuum. To isolate the vacuum, we need to solve the equations: 


W = D,W = W, + K,W = W, = 0, 


(15) 


where 2 ; G {$, T, X, K, Z, Ti, T 2 }. It is easy to show that the superpotential flT^ admits a 
supersymmetric Minkowski vacuum at 

X = r = z = 0, = T2 = (T2) = -i^ + -, 

a an K 

a 

The parameters are manually adjusted such that (|$|) S> (|4/|). The fields F, Z, T, T 2 obtain 
masses significantly above the inflationary energy scale according to the superpotential (IT^ . 
whereas Ti is limited by the prior constraint. During inflation these degrees of freedoms are 
thus frozen and should be integrated out. To integrate out heavy fields, we should solve 
F-term equations. Non-trivial results are obtained from the F-term equations associated 
with the stabilizer fields Y and Z\ 


Fy = DyW = - crT + YW ^ - aT = 0, 

Fz = BzlV = - A + ZhF - A = 0, 


(17) 
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where we have ignored terms proportional to Y or Z, given that these fields are strongly 
stabilized at (Y) = {Z) = 0 during infiation. The heavy fields are solved for in term of $ 




e 


-m 


A 

a\ 


rr s: , ^ OLK. 

,-on ^ 


(18) 


and the effective low energy theory becomes 

ly = aA^(e“^(aA)T$-T-p), (19) 

which is the superpotential (IHl) for helical phase infiation, with a suitable parameter redefi¬ 
nition. The index y is given by y = — where a and {3 are positive parameters and only 
affect the magnitude of y. 


IV. MODULI CONSTRAINT FROM FLUX COMPACTIFICATION 

Constraints on Kahler moduli in type IIB compactification, or on the T-dual complex 
structure moduli in type IIA compactification, are obtained from moduli stabilization, which 
requires Kahler moduli couplings in the superpotential. However, no perturbative term on 
Kahler moduli can be generated from type IIB compactification with RR or NSNS fluxes. 
By contrast, they do appear in type IIA compactifications with geometric fluxes and also in 
type IIB compactifications with non-geometric fluxes. Both geometric and non-geometric 
fluxes arise from T-duality of NSNS 3-form fluxes. 

A. Type IIA Compactification with Geometric Fluxes 

T-duality connects IIB and IIA orientifold compactifications. The linear constraint on 
Kahler moduli in IIB compactification is T-dualized to a linear constraint on complex struc¬ 
ture moduli in IIA. For type IIB orientifold compactification with NSNS flux taking 
T-duality along a direction Xi of the internal space M, the flux Hijk is mapped into a new 
type of flux. This is the geometric flux which is equivalent to IIA compactification on 
a twisted torus. The twisted torus is described by the geometric flux as 

A v'', ( 20 ) 
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where and rj^ are tangent 1-fornis linearly depending on the internal coordinates 

xK The dual tangent vectors Zi of the l-form r;® form a Lie algebra with geometric fluxes 
a;®;, as the structure constants 

[Zi, Zj\ = . ( 21 ) 

Consequently, the fluxes should satisfy the Jacobi identity 

^[jk^\n]n = 0 • ( 22 ) 

For IIA toroidal compactihcation with 06-planes and geometric fluxes uj, the orientifold 
action is Q{—1)^^Ra and the involution Ra acts on the local internal complex coordinates Zi 
as RA^Zi) = Zi- In the low-energy effective theory, the NSNS and geometric fluxes generate 
following terms in superpotential 

hFv5&a; = [ (Hs + dJc), (23) 

Jn 

where 0^ and Jc are a holomorphic 3-form and Kahler 2-form, respectively. Also, the RR 
flux superpotential is of the typical form 

Wrr = / A Frr, (24) 

JTe 

where the Frr are RR fluxes. Combining Wns^u) and Wrr, the full superpotential reads 

3 

W{R, S, Ui) = P_,{Ti) + SPo{Ti) + UkPk{Ti), (25) 

k=l 

where P_i is cubic on Tj, while Pq, Pi are linear on T*. Geometric flux quanta as coefficients 
in W are subjected to the Jacobi identity constraint fl22|) . The tree level Kahler potential is 
of no-scale type 

3 3 

K = - log(R + ^) - \og{Ui + Ui)-J2 log(^* + (26) 

i=l i=l 

We are interested in obtaining a supersymmetric Minkowski vacuum from W. Supersym¬ 
metric Minkowski vacuum equations (122|) for S and Ui, together with the condition W = 0, 
require 

P.,{P) = Po{P)=P{P) = 0. (27) 

In principle, the three Kahler moduli can be solved for from the prior equations. However, 
there are more equations than variables, so mutual consistency is not guaranteed. On the 
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other hand, we do have substantial freedom to turn on fluxes, and the two extra equations 
are equivalent to non-linear constraints on these flux coefficients. Since the ffuxes are quan¬ 
tized, only integer solutions of these constraints are physical. Additionally, there are three 
equations associated with the supersymmetric Minkowski vacuum for Tj 

3 

+ Sdr^Po + UkdT^Pk = 0 (28) 

k=l 

with 4 variables S and Uk- Through variable elimination, one obtains a constraint relating 
two moduli, of the type needed in Eq. (1T4|) . 

However, both Pq and Pi are linear on Ti, and their coefficients are from ffux quanta, 
and thus real. The expressions in (125]) give a moduli constraint corresponding to a real 
parameter k in Eq. fflTD . yielding a real value for the index y, which produces natural 
inflation. This is equivalent to the simple isotropy condition stating that the three sub-tori 
of T® = X X admit exchange symmetry with Tj = T, and Ui = U. To obtain 
more general moduli constraints with complex coefficients and a generically complex k, we 
need Pq or Pj to exhibit high-order couplings. This is realized by introducing non-geometric 
Q-fluxes, which are T-duals of the geometric flux u. 

B. Type IIB Compactification with Q-fluxes 

By taking successive T-dualities along different compact coordinates, more fluxes arise 
without geometric interpretation, which are dubbed non-geometric fluxes. These fluxes are 
related to each other under T-duality 

A A Qt A (29) 

where Tj refers to the T-duality along compact direction x*. In this section, we study type 
IIB orientifold compactihcation on Calabi-Yau manifolds M with an orientifold projection 
Qp{—1)^^Rb, in which Qp is the world-sheet parity operator, Pp is the left-moving fermion 
number and Pp is the orientifold involution. The superpotential from non-geometric fluxes 
contains Kahler moduli couplings at the perturbative level and admits rich vacuum config¬ 
urations. 

For type IIB orientifold compactihcation with 03-planes, the orientifold involution Pp 
acts on compact coordinates Xj as Pp : Xj ^ —Xj, and its actions on the Kahler form J and 
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the holomorphic 3-form are therefore 


Rb{J) = j, 


Reins) = -n 


3 - 


(30) 


The involution Rb projects out even parts of the cohomology H^iM) and odd parts of the 
cohomologies H^'^iM) and Remaining cohomologies are denoted as 


u;, e Hl\M) 

i = 1, • • • , 


e Hl'^iM) 

i = 1, • • • , 

(31) 

/ 3 m} ^ HliM) 

m = 0, • • • , . 



The holomorphic 3-form ^3 can be expanded in terms of the symplectic basis of H^iM) 


= X"^ar 


F 

mH 1 


(32) 


where X™ = ^3 and ^3 are periods of the compactification manifold M with a 

symplectic three cycle basis {A^, Bm}- Taking as coordinates on the complex structure 
moduli space, periods F^ can be represented as partial derivatives on the prepotential 
F = fijkX^X^X^/X^, specifically F^ = dx^F. The low-energy effective theory is described 
by X = 1 supergravity with a tree level Kahler potential 


K = — log(—i / r 23 A Qs) — log(S' -|- S') — 2 log(e 2 '^ / J A J A J). 


(33) 


' M 


’ M 


The superpotential is given by the generalized Gukov-Vafa-Witten superpotential [59 1 


W= / (Fs - zSB + zTiiQ • + ■ ■ ■) A Qs, 

Jm 

where the Q action on the p-form Fm^-Mj, gives the p — 1 -form 

1 ^JK i 


(34) 


iQ • F)nMi-Mp.2 — 1^Q[N Rmi-Mp-2]JK, 


(35) 


leading to Q-flux terms in the superpotential that depend linearly on the Kahler moduli 
Ti. The 4-forms a)* are a basis of even (2, 2)-cohomology. The first two terms in fl341) are 
just the well-known Gukov-Vafa-Witten superpotential 63|] for NSNS and RR fluxes, namely 
Fs = dC 2 and H = dB 2 . In the superpotential W we have ignored the geometric and R-type 
fluxes that could also play an interesting role in moduli stabilization. The R-type fluxes do 
not appear in the superpotential due to the symmetry under orientifold projection but they 
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can involve in the D-terms potential 64j-l66|. More details on these fluxes are provided in 
Ref. 


Expanding the p-forni fluxes on a cohomology basis with arbitrary flux quanta, the su¬ 
perpotential W can be expressed in terms of flux quanta and moduli 


W = -(emX’' 




(36) 


The superpotential W implicitly depends on the complex structure moduli t/"* through the 
periods X^: 

Vm 

U- = ( 37 ) 


XO 


After turning on non-geometric fluxes, the Lie algebra fl2T]) is extended with new gen¬ 
erators. The NSNS, geometric and non-geometric fluxes become structure constants of the 
extended Lie algebra, and the Jacobi identities of the Lie algebra introduce new constraints 


on fluxes 


50 


51 


59| . Additionally, these fluxes also contribute to the RR 4-form and 8 -form 


tadpoles, which should satisfy the tadpole cancellation conditions in conjunction with the 
03/D3 and 07/D7 contributions. 

The superpotential in Eq. fl36l) contains perturbative couplings of the Kahler moduli. In 
contrast with the case of type IIA orientifold compactiflcation with geometric fluxes, the 
complex structure terms bmiX'^ — b^^Fm coupled with Kahler moduli are not just linear, 
but are up to third order, leading to more interesting moduli stabilization and vacuum 
configurations. The supersymmetric Minkowski vacuum and moduli stabilization from the 
Type IIB compactiflcations on orientifolds have been studied in Refs. 5ll-l57l| . Most of these 


works targeted the compactiflcation on isotropic T®, i.e., with an exchange symmetry among 
three sub-tori so that Ti = T 2 = T 3 and Ui = U 2 = U 3 . In our study, the multi-Kahler and 
complex structure moduli are needed. We want to realize constraints between Kahler moduli 
instead of fixing all the Kahler moduli completely. Without the isotropy constraint, there 
is additional freedom to adjust the flux quanta, producing richer vacuum configurations. 
However, with more Kahler and complex structure moduli, the Jacobi identities for fluxes 
become extremely clumsy. The Jacobi identities, together with the tadpole cancellation 
conditions and equations for the supersymmetric Minkowski vacuum, could be solved by 
numerically scanning the parameter space. Mathematical techniques from algebraic geom¬ 
etry have been applied to solve the flux constraints and supergravity equations using the 


programs Mathematica and Singular 


67l |. In this work, we propose a toy model with a 
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superpotential like that in Eq. fl36|) to show how the constraint on Kahler moduli appears 
through moduli stabilization in the supersymmetric Minkowski vacuum. However, in this 
toy model we do not expect to solve the Jacobi identities with given fluxes. We will discuss 
the effects of these Jacobi identities on the Minkowski vacua later. 

We consider the Type IIB orientifold compactiflcation on a Calabi-Yau manifold with 
= 2, = 0, = 3. In this model, the Kahler potential is 

3 

K = -Y^ log{Ui + U,) - log(^ + 5) - log(Ti + ti) - 2 log(T 2 + fs), (38) 

where we have implicitly assumed that in the prepotential F the only non-vanishing compo¬ 
nent of symmetric coefficients fijk is /123 = 1. The fluxes are adjusted to generate following 
superpotential 


W = Wnsr + Wq, 

Wnsr = eo + giHsf/s + a^SU^ + + S){U2 + H 3 ) + hSUiU^U^, (39) 

Wq = {U 2 - f/3)(feTi - imui). 

The superpotential Wnsr admits exchange symmetries in terms of U2 •H- Hs and S' y-)- f/i. 
Only even order couplings among S and Ui are considered, so that the flux quanta appear 
in Wnsr as real coefficients. These limitations on the superpotential are not necessary for 
a supersymmetric Minkowski vacuum, but make the calculations sufficient simple for an 
example. Another term Wq is quadratic in Ui and is expected to be obtained from Q- 
fluxes, which can generate couplings of the complex structure moduli up to third order, as 
shown in Eq. (I36|) . Again we remind the readers that above potentials should be considered 
as an example to show the linear constraint of Kaher moduli obtained as relic of moduli 
stabilization, instead of generating a “physical” Minkowski vacuum since not all Jacobi 
identities are fully satisfied with given fluxes and prepotential coefficient. 

It is straightforward to show that the superpotential Wnsr yields a supersymmetric 
Minkowski vacuum i.e. that 


Wnsr — duiWNSR — SsWnsr — 0 , 


(40) 


at 


V aih ^ \ Qi' 

U2 = U3 = ±.1^3 , eo = - ai± 2a2,f^'\ ■ 

V <?! aih V V ^ 


( 41 ) 
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Taking the flux quanta (eo, oi, 02 , qi, h) = (2, 2, —2, 2, 2), and ignoring unphysical solutions, 
one can realize a supersymmetric vacuum at S' = [/* = 1. Examples with complex vacuum 


expectation values of Ui are also provided in 


68 |. 


If the Q-fluxes introduce perturbative couplings Wq of Kahler moduli, then the equations 
for a supersymmetric Minkowski vacuum become 


dsW^SR = Wmsr + {U 2 - U3){bT, - tmu,) = 0 , 

Ot.Wq = Ot.Wq = f/2 - f/3 = 0, 

du.W^SR - im{U2 - U,) = 0 , ( 42 ) 

du2^NSR + {bTi — ibT2Ui) = 0, 

du.WNSR - m - ^bT2Ui) = 0 . 

It is easy to see that above equations are equivalent to the equations of Wnsr ( 1401 ) plus an 
extra constraint on the Kahler moduli 


6 T 1 - tmiUi) = 0 . (43) 

According to the moduli stabilization from Wnsr, namely (Ui) = 1 , this constraint en¬ 
forces an imaginary ratio k, = ib{Ui)/b and yields an imaginary index y, which produces 
Starobinsky-like helical phase inflation. For the models with complex (f/i), we may realize 
a complex index y as well, which produces interpolation inflation. However, the pure imag¬ 
inary (Ui) for natural inflation corresponds to a boundary of the complex structure moduli 
space. This solution is not physical, as it indicates a degenerate internal space. 

The overall superpotential contains term associated with both the string moduli (l39|) 
and the helical phase inflation supergravity construction flT^ . and the latter also depend 
on the Kahler moduli through non-perturbative effects. Therefore, non-perturbative terms 
appear in equations dxW = 0 as well, and may affect the vacuum equations dxW = 
U 2 — U 3 = 0 that are necessary to facilitate the exchange symmetry U 2 -H- t /3 in Wnsr- 
Fortunately, this is avoided due to vanishing of the stabilizer fields X and Y in flT^ . The 
string moduli stabilization and generation of dynamics for helical phase inflation are therefore 
reducible, even though the Kahler moduli appear in both sets of equations. It is easy to 
generalize the Q-flux superpotential Wq to get different Kahler moduli constraints. Discrete 
symmetries are employed here, and they play an important role in simplifying calculations. 
Since there are more equations than variables, these discrete symmetries help to maintain 
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mutual consistency of the equations. For a more realistic model, i.e. one combining the 
vacuum equations with Jacobi identities and RR 4-form C 4 ,, 8-form Cg tadpole constraints, 
the calculations become quite cumbersome, and it is necessary to scan the parameter space 
numerically in order to identify realistic vacua that satisfy the formalism and provide a linear 
constraint on Kahler moduli. In fact, such a constraint on the Kahler moduli is a natural 
outcome for the supersymmetric Minkowski vacua. 


It is interesting to compare our proposal with the work in 


48| . which also studied the 


Starobinsky-like inflation based on non-geometric flux compactihcation. In ^ the inflaton 
is from string moduli which strongly interact with other heavy fields, so it needs to adjust 
the parameters carefully so that the inflation direction is sufficient fiat while all the extra 
fields are at or above Hubble scale. Because for large field inflation a super-Planckian field 
excursion is required and the inflation dynamics is rather sensitive to the super-Planckian 
physics, one also needs to check whether the large held inhation can be reasonably studied 


in the low energy effective theory. In particular the followin, 
under super-Planckian string moduli/axion held excursion [48 1 


lierarchy should be unbroken 


hdp > Mg > A4xK ^ M^noduli ^ Hiiriflation ^ 


(44) 


Interestingly, in helical phase inhation, the hatness condition of inhation potential is pro¬ 
tected by a mildly broken U{1) symmetry, and the UV-completion problem of large held 
inhation is avoided. Thus, we do not need to struggle with the r] problem or the ehective- 
ness of the low energy theory obtained from string compactihcation. Moreover, besides the 
normal conditions on string compactihcation, the above hierarchy condition fl44)) is replaced 
by a single hierarchy in Eq. flT^ : a 1. In other words, the hrst term in Eq. flT^ is signif¬ 
icantly smaller than the other terms so that we can safely integrate them out. In contrast, 
in our proposal the non-geometric huxes lead to much more complex constraints than those 
in We expect the constraints from the hux Jacobi identities and Minkowski vacuum 


conditions can be solved numerically. 

Supersymmetric Minkowski vacua with a constraint on the Kahler moduli are expected 
to appear from type IIB orientifold compactihcation on /VLp{—l)^^Rp- Such compact- 
ihcations have been studied in Refs. Mn59| as a mechanism for obtaining vacua with full 
moduli stabilization. The authors of these works have mainly focused on the simplihed case 
where an exchange symmetry exists among three sub-tori. The associated results are very 
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limited unless a non-geometric P-flux arising from S-duality of type IIB string theory is also 
introduced. In our case, with loose moduli stabilization criteria and no exchange symme¬ 
try, there is more freedom to arrange the flux quanta in order to obtain supersymmetric 
Minkowski vacua. The superpotential for NSNS, RR and Q-type fluxes is 

3 

W{U„ S,T,) = P_i(P,) + SPom pJ^TkPkm, (45) 

k=l 

where the terms Pq and Pi for NSNS 3-form and Q-fluxes are cubic in Ui. 

3 3 7 

P_, = fo + tJ2 m - WU1U2U3 + zfoUiU 2 U 3 , 

i=l i=l ^ 

3 3 ~ 

Po = Wo — diUi + i ^UiU2U^ — goUiU2Us, (46) 

i=l i=l 

3 3 7 

Pk = -ihk - hikUi + t ^UiU2U3 + hkUiU2Us. 

i=l i=l * 

The supersymmetric Minkowski vacuum equations W = dsW = dTiW = 0 require 

P_i = Po = P, = 0. (47) 

As is the case for type IIA orientifold compactihcation, these equations give vacuum ex¬ 
pectation values for Ui and also certain non-linear constraints on flux quanta. There are 
still three vacuum equations from Ui {duiW = 0) with four undetermined moduli S and Tj. 
After variable elimination, we get a linear constraint on two of the Kahler moduli. Since 
Ps are cubic in Ui with both real and imaginary coefficients, generically the ratio of Kahler 
moduli in the constraint is complex. The non-geometric flux compactihcation provides an 
interesting correlation with helical phase inhation. Specihcally, for type IIB orientifold com¬ 
pactihcation on T^/Qp{—1)^^Rb, the supersymmetric Minkowski vacua are consistent with 
helical phase inhation equipped with a certain index y. 

Given the relationship between Type IIB orientifold compactihcation with non-geometric 
huxes and helical phase inhation, it is interesting to study the distribution of supersymmet¬ 
ric Minkowski vacua in the moduli space. Proceeding, we assume that each type of hux 
quanta forms a direction of the moduli space. Flux quanta are integral, and the vacua are 
thus located on a lattice of the moduli space. Possible values of the index y are uniquely 
determined in each vacuum, and are therefore discrete points distributed on the complex 
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plane. The magnitude of the index x also depends upon non-perturbative effects that may 
be computed from details of the D-brane configurations. We have shown that the index y 
characterizes the Ug — r plane with hxed e-folding number N. In principle, predictions for 
the Ug — r relation from helical phase inflation should then likewise correspond to isolated 
points in the Ug — r plane, signihcantly reducing associated uncertainties. Unfortunately, 
the preferred e-folding number window N G [50, 60] introduces an uncertainty AN ^ 10, 
which disperses predictions for the Ug — r relation across in a small region, even when the 
index y is fixed. 

The realization of a distribution of supersymmetric Minkowski vacua from non-geometric 
flux compactifications can be considered as a generalization of the systematic study of the 


vacua emerging from type IIB compactihcation with NSNS and RR fluxes in Ref. 


The 


objectives of that work are determination supersymmetric Minkowski vacua fraction favored 
by low scale supersymmetry and isolation of their corresponding discrete symmetries. The 
authors focus mainly on T® compactihcations with exchange symmetry among sub-tori. In 
69(1, techniques from number theory are employed in order to enumerate the vacua accord¬ 
ing to the integral nature of flux quanta. Even though the equations for supersymmetric 
Minkowski vacua {W = ^JJ^W = 0 in this case) provide strict limitations, there are still 
abundant distinct solutions corresponding to variation of the flux quanta. In their work, 
the Kahler moduli do not appear in superpotential. In our case, non-geometric fluxes are 
introduced, which are constrained by Jacobi identities. Equations for the determination of 
vacua are similar in both cases, although the variety of solutions is expected to be richer in 
our model, given the absence of exchange symmetry among sub-tori. On the other hand, the 
calculations become dramatically more involved in this case. In this work, we have shown 


that beyond the motivations discussed in 


69| . the distribution of supersymmetric Minkowski 


vacua is also deeply related to the extremely important inflationary epoch of our universe. 
Therefore, a systematically study of the supersymmetric Minkowski vacuum distribution is 
also very important. 


V. CONCLUSIONS 

We have shown that Starobinsky-like inflation can be simply realized as a new type of 
helical phase inflation, with predictions that are in perfect agreement with new observations 
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from Planck. The advantages of helical phase inflation are inherited in this new model. The 
so-called r^-problem is directly solved by the global U{1) symmetry built into the Kahler 
potential of = 1 minimal supergravity. Helical phase inflation is driven by the phase com¬ 
ponent of a complex held, and super-Planckian held excursions are realized within a helical 
phase rotation, whereas physical helds avoid evolution into the super-Planckian regime where 
quantum gravitational ehects are likely to upset the slow-roll criteria. For Starobinsky-like 
inhation, even though the tensor-to-scalar ratio r is generically rather small (r ^ 0.01), the 
inhaton excursion remains signihcantly larger the Planck mass during inhation, implying 
that the treatment of quantum gravitational ehects in a suitable UV-completion remains an 
open problem. This situation is avoided in helical phase inhation with a deformed helicoid 
potential, where excursions in the radial held direction are strongly stabilized, and evolution 
proceeds along the trajectory of an extended hat helical minimum. Moreover, as a PNGB, 
the inhaton is not expected to admit higher polynomial corrections at all. 

We have identihed an interpolation wherein the helicoid potential can be continuously de¬ 
formed from natural inhation parameterized by phase/axion decay constant to Starobinsky- 
like inhation parameterized by a-parameter. In helical phase inhation, the interpolation 
is uniquely characterized by a complex-valued index y. The helical phase inhation model 
equipped with index y exhibits unexpectedly rich inhationary predictions. The full region 
of the Us — r plane favored by recent Planck observations can be characterized by variation 
of the index y with a hxed e-folding number N. 

In the supergravity helical phase inhation construction, the hat phase potential is provided 
by phase monodromy in the superpotential. The phase monodromy and associated pole at 
the held-space origin indicate that the superpotential is an ehective theory obtained after 
integrating out heavy helds. We have studied the realization of such phase monodromy 
based on race-track non-perturbative couplings from D-brane instanton ehects. The phase 
monodromy relates to a global U{1) symmetry in the superpotential that is broken at the 
inhation scale. The Kahler moduli appearing in non-perturbative terms play an important 
role in generation of the complex-valued index y for helical phase inhation. In turn, they 
emerge in string moduli stabilization from non-geometric hux compactihcation. 

The index y has an interesting geometrical origin. In order to integrate out heavy helds, a 
linear constraint is required that relates two Kahler moduli appearing in the race-track non- 
perturbative couplings. Constraint on the Kahler moduli may be realized by the assumption 
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of isotropy (Tj = T), or from type IIA orientifold compactification with NSNS, RR and ge¬ 
ometric fluxes. Such constraints have real coefficients and lead to natural inflation. More 
general constraints with complex coefficients can be obtained by turning on non-geometric 
fluxes, which generate the requisite higher-order perturbative couplings among Kahler mod¬ 
uli and complex structure moduli. The index y is hxed by the vacuum expectation values 
of complex structure moduli and flux quanta. We suggest a systematic study on the dis¬ 
tribution of supersymmetric Minkowski vacua from non-geometric flux compactihcation in 
order to obtain viable discrete values of the index y. This could potentially provide more 
precise predictions for inflationary observables. Conversely, it could be used to extrapolate 
geometric structure of the internal space from experimental observations of the inflationary 
epoch. 
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